Characterization of near-surface properties of materials by acoustic means is most conveniently done by surface acoustic waves (SAW). A conventional acoustic microscope lens excites focused SAW on the object surface, but with a low efficiency. SAW can be excited with a high efficiency and be focused to a diffraction limited spot using conical wavefronts as obtained from a conical axicon. The purpose of this paper is to present the response of the imaging systems utilizing convergent SAW to certain kind of defects. In particular, circular cylindrical cavities, whose axes are perpendicular to surface, are considered. The scattering of the SAW is formulated with some approximations. SAbW incident upon the cavity is initially found as an angular spectrum of plane waves. To apply the boundary conditions, the incident field has to be transformed in a form of superposition of cylindrical waves. Similarly, the scattered field, which is found in the form of outgoing cylindrical SAW'S, is converted back to a plane wave spectrum to complete the formulation. At the end, a formula is obtained for the output voltage in terms of the position and the radius of the cylinder. By considering various locations for the cylinder, the sensitivity of the system around the focal point is studied. Also, by comparing the output voltages for cylinders of different radii, sensitivity of the system to the size of the inhomogeneity is examined. The numerical results are found to be in agreement with the experimental observations.
I. INTRODUCTION
Surface acoustic waves (SAL') are frequently used for near surface evaluation of materials, because they are very sensitive to surface inhomm geneities like surface breaking cracks [l] . If the characterization is of primary concern rather than just detection of faults, an imaging s y s tem may be utilized. The scanning acoustic microscope has been used successfully, because of its ability to excite surface waves [2, 3] . The disadvantage of scanning acoustic microscope is that all such modes are excited simultaneously and each with a low efficiency. The efficiency can be increased by use of other configurations. Recently, Koymen and Atalar introduced a method of focusing SAW's on the surface of nonpiezoelectric materials by using a new type of conical axicon [4] . Ayter [5] achieved the same, using a conical transducer.
The purpose of this paper is to present a theoretical study of the imaging systems utilizing focused leaky SAW, and their response to certain kind of defects. In particular, circular cylindrical inhomogeneities with perpendicular axes to surface are considered. The surface wave incident upon the inhomogeneity is initially found as an angular spectrum of plane waves. Then, the angular spectrum is converted into a cylindrical wave expansion. At the end, a formula is obtained for the transducer output voltage in terms of the position and the radius of the cylinder, and it is suitable for computer evaluation. By considering various locations for the cylinder, the sensitivity of the system around the focal point is studied. Also, by comparing the output voltages for 0090-5607/88/0000-0591 $1 .OO 0 1988 IEEE cylinders of different radii, sensitivity of the system to the size of the inhomogeneity is examined.
FORMULATION
As a representative of SAW imaging systems, we consider the conical axicon focusing system. The operation principle of this system can be found elsewhere [4] . Consider the geometry shown in Fig. 1 . The ( r , s, 1 ) coordinate system will be used to represent the bulk waves transmitted and received by the transducer, and ( z , y , r ) coordinates will be used for the surface waves in the solid. The origin of the ( 2 , y, z) coordinate system is chosen at the focal point. Inside the solid a circular cylindrical inhomogeneity is considered. This cylinder extends up to the interface and it is centered at ( x o , y o ) with yo > 0.
The formulation presented below employs two dimensional potentials U + ( . , y) and U-(., y) to represent the incident and scattered surface waves. A time dependence of exp(-jut) is assumed in the formulation.
Surface Wave Field at the Focus
Let the velocity potential associated with the incident bulk wave be represented by ut(., s) at the T -s plane. The surface wave field along z-axis and propagating in +y direction, u f ( x ) , can be written as (61
where kR = 2 ? r / x R is the real part of the leaky Rayleigh wave number, f is the focal length, and P(r, s) is the pupil function due to finite size of the parabolic mirror. P(r,s) is obtained from a projection of the mirror surface onto r -s plane: a rectangle of width 2xm and height f cot 8~, where 8~ is the Rayleigh angle. We have for -. , . , < , . < . , . , Field Incident Upon the Cylinder:
By using the angular spectum approach, the field in the region y > 0 can be completely determined by the field distribution at y = 0. We 
Field Scattered by the Cylinder
To formulate the scattering, we first introduce a primed coordinate system (z',y') with the origin at the center of the cylinder, i.e. t' = I -z o , y' = y -yo as shown in Fig. 2 . To simplify the notation, we also introduce the vectors r = (z, y), r' = (d, y'), ro = ( 1 0 , yo), k = (k,, ky). Then, the field incident upon the cylinder can be written as
denote the field scattered by the cylinder. Then, the total field outside the cylinder can be written as U ( . ' ) = u+(r') + u-(r').
In order to relate the incident and the reflected fields by the boundary conditions on a cylindrical surface p' = a , it is necessary to express these fields in terms of cylindrical wave functions. The incident field which will be evaluated at p' = a can be expressed in terms of regular cylindrical wave functions as +m u+(r') = I<, exp(jn#)J,(kp') (9) n=--03 and the scattered field can be expanded in terms of outgoing cylindrical wave functions as
The relationship between {K,} of Eq. 9 and A(k,) of Eq. 7 can be established by substituting the following transformation formula [7] into Eq. 7
This yields
The next step in the formulation is to express {Bn}, the expansion coefficients of the scattered wave, in terms of {K,}. Although only the scattered surface wave, will induce an output voltage at the transducer, for an exact solution of the problem all possible field components should be taken into account. Such an exact formulation is quite complicated
[a], therefore a simple approximate method will be applied: Since the finite value of c44 makes the surface of the cylinder a relatively hard boundary in the radial direction, the total surface wave along the interface will be forced to satisfy the rigid-boundary condition (vp, = 0 at p' = a). Use of the free-boundary condition is not appropriate here, it approximates a cavity in a liquid medium where c44 is zero. Even though the inhomogeneity is a cavity, it is better approximated in the scalar approximation by a rigid cylinder. This approximate formulation does not give the actual "ratio" of the scattered surface wave to the incident. However, it can quite satisfactorily be used to compare the scattered fields due to various cylinders of different locations and sizes. When the boundary condition a/ap'{u+(r') + u-(r')}lpj=a = 0 is applied with U+('') and U-(.') as given by Eqns. 9 and 10, one for y' 5 0 in Eq. 10, one can recognize Uy(kr) of Eq. 14 to be
Transducer Output Voltage:
The scattered surface wave U -( . , y) travels in backward direction and leaks into the liquid. This leak field gets collimated in the transducer direction after being reflected from the mirror. The field incident upon the tranducer, U ; ( . , . ) , can be obtained by [6] where 
NUMERICAL RESULTS
Eq. 20 gives the transducer output voltage in terms of the center, ro = (xo,yo), and the radius, (I, of the scattering cylinder. The integrals P, and Qn given by Eqs. 21 and 22 depend only on the position of the cylinder, whereas the coefficient T, depends only on the radius.
Hence, these integrals, once evaluated at a certain (20, yo) position, can be stored and be used subsequently for cylinders of different radii centered at the same point. We put the integrals P, and Q n into a form more suitable for numerical integration by using a simple change The first set of results given in Fig. 3 corresponds to a small cylinder ( k~a = 0.5, diameter N 0 . 1 6 X~) moved along the y-axis to see the axial sensitivity of the imaging system. Here the results are normalized by the transducer output voltage, V I , obtained when the cylinder is centered at the focus. Curves corresponding to different f f T / k R ratios are presented. In each case it is seen that as the scatterer moves away from the focal point, the output voltage decreases monotonically. For the case of (YT/kR = 0.03 (Al), 20 dB drop at the output voltage occurs at kRyo = 13 which corresponds to a distance yo N 2xR from the focal point. This result is in close agreement with our experimental observations. It is interesting to note that as the leak rate is increased the response of the system in y direction gets sharper, i.e. the resolution in y direction increases.
To examine the sensitivity of the system along x-direction (lateral direction), several calculations are carried out. Fig. 4 shows how the output voltage varies in the lateral direction. Here, the cylinders of different radii are moved parallel to the x-axis (with their edges touching the x-axis), and the corresponding output voltages are plotted after being normalized by their maximum values. It is seen that for cylinders whose diameters are larger than the width of the main beam of the incident sinc function, the transducer output voltage is related rather closely to the size of the cylinder. For kRa = 2 7 and kRa = 3?r, approximately 20 dB drop in the output voltage is obtained when the cylinder is centered at the position to = a . Hence images obtained in such a system will correctly depict the size of the cylinders. But, for small cylinders, the response of the system is determined by the incident sinc function. It is also observed that the resolution of the system in z direction is about 4 times better that in y direction for the case of aluminum sample, and this is consistent with experimental results.
Finally, to investigate the sensitivity of the imaging system to the radius of the cylinder, the output voltages for different radii are calculated.
Each cylinder is centered at the point zo = 0, yo = a, where a is its radius, so that the edge of each cylinder is at the focus as demonstrated in Fig. 5 . The case a -00 corresponds to an infinite straight edge reflector along z-axis for which the transducer output voltage is &ge. All voltages are normalized by V e d g e and plotted vs kRa. It is observed that the output voltage increases as the cylinder becomes larger, and for kRa = 3.1 (a rr X R / 2 ) , the output voltage is only 3 dB below L ' d g e . This is because the incident field uT(z) illuminates only a finite portion along z-axis. Thus, increasing the radius further will not change the output voltage considerably. On the other hand, for small radii the signal drops about 10 dB for halving the the cylinder radius. The asymptotic line crosses the 0 dB axis at around kRa = 1.
The curve in Fig. 5 exhibits another interesting feature. As kRa approaches 1 from smaller values, the output voltage tends to increase faster, thus forming a local maximum at k~a = 1. This corresponds to a cylinder whose circumference is X R , i.e. the phase change around the cylinder is 2n . Such behaviour can be explained by the in-phase superposition of the creeping surface waves around the cylinder. The dots in the figure represent the experimental results obtained earlier [9] . Although in the experimental setup, the focal field had a wider beamwidth, the experimental curve possesses the same kind of signal enhancement around kRa = 1.
IV. CONCLUSIONS
We have presented a theory to predict the response of a SAW imaging system. In particular, we calculated the response to cylindrical cavities as a function of position of cavity with respect to focus point. The calculations indicated that the leak rate affects the resolution of the system in the y-direction. A high leak rate material will result in a better resolution in y-direction. The theory also predicts an enhancement in the received signal level when the cylinder circumference equals a SAW wavelength. The images of cylinders obtained with such systems will indicate the size of the cylinders correctly at 20 dB below its peak value as long as the cylinder diameter is larger than about a Rayleigh wavelength. For small cylinders the received peak amplitude can be used to determine the size of the cylinder.
